Week-old wheat seedlings absorbed at least 40% NO3-from NaNO3 when preloaded with K+ than when preloaded with Na+ or Ca2". Cultures of Tnticum vulgare L. cv. Arthur were grown for 5 days on 0.2 ,M CaSO4, pretreated for 48 hours with either 1 mM CaSO4, K2SO4, or Na2SO4, and then transferred to 1 mM NaNO3. All At harvest, the roots were excised from the shoots, rinsed thoroughly with deionized H20, blotted dry, weighed, and immediately frozen at -80 C. Shoots were also weighed and frozen.
mM CaSO4. The jars had previously been painted black, then silver. All cultures were continuously aerated with filtered air throughout the experiments. After 2 days in the dark, the cultures were culled to 10 plants each and placed in a growth chamber. They were given 16 hr of light (37,000 lux, 25 C) and 8 hr of darkness (20 C) alternately throughout the experiment, unless otherwise noted. The CaSO4 solution was changed every other day during the growing period.
Plants used for cation preloading experiments were grown 5 days, then transferred to jars containing 870 ml of 0. At harvest, the roots were excised from the shoots, rinsed thoroughly with deionized H20, blotted dry, weighed, and immediately frozen at -80 C. Shoots were also weighed and frozen.
Extraction of plant tissue consisted of refluxing twice with 80%Yo ethanol and once with H20. The combined extract was blown dry, then redissolved in 10 ml of H20, filtered, and frozen at -80 C.
Potassium, Na+, and Ca2+ concentrations were determined by atomic absorption spectrophotometry. Nitrate was analyzed by a modification of the automated method of Litchfield (7) . A Technicon autoanalyzer connected to a Gilford spectrophotometer was used to assay both plant samples and culture solutions. The dialyzer used by Litchfield (7) Fig. 1 ). The time scale refers to the duration of the I mm NaNO3 treatment.
pH Change. During pretreatment, the change in pH of the culture solution was dependent upon which cation was included in the pretreatment medium (Fig. 1) . The 0.5 mm CaSO4 solution increased in pH, indicating an exchange of OH-or HC03-for excess uptake of S042-. Both the K2SO4 and Na2SO4 solutions decreased in pH, due to an excess of cation uptake balanced by exchange for H+.
During treatment, all of the cultures received I mm NaNO3 plus 0.2 mm CaSO4, and the pH of all of the solutions increased ( Fig. 1 ). This indicated an exchange of OH-or HC03-for the excess uptake NO3-over Na+. The NaNO3 solution of K+-pretreated plants was significantly higher in pH (P < 0.01) than that of the other two treatments, reflecting the greater uptake of N03-by the K+-preloaded seedlings (see Fig. 4 ).
Cation Concentration. The K+ concentration in the shoots of seedlings preloaded with K+ increased slightly during the 48-hr treatment with NaNO3 (Fig. 2) The Na+ concentration in the shoots was approximately the same after all pretreatments (zero time of NaNO3 treatment, Fig.  3 ). Regardless of pretreatment, Na+ was accumulated by the roots during NaNO3 treatment, but translocation of Na+ to the shoots occurred only in plants pretreated with Na+ (Fig. 3) . In fact, the zero time data indicate that during pretreatment with Na2SO4 very little Na+ was translocated to the shoot, although more Na+ was found in the Na-pretreated roots.
Nitrate Uptake. The K+-pretreated plants absorbed significantly (P < 0.01) more NO3-than either the Na+-or Ca2+-pretreated plants (Fig. 4) . This would be expected from the pH data (Fig. 1 ). The initial lag described by Minotti et al. (9) is not evident because the first sample was not taken until 24 hr after the NaNO3 treatment began.
The Na+-and K+-pretreated plants reduced approximately the same amount of NO3-during the first 24 hr (Fig. 5) . The rate of reduction of nitrate in Na+-pretreated plants decreased after 24 hr, but that in K+-pretreated plants was approximately linear over 48 hr.
The NO3-content of the roots was approximately the same during NaNO3 treatment (Fig. 6) , regardless of the pretreatment. Initially, there was a large increase in tissue NO3-which leveled off after 24 hr. The NO3-concentration in the shoots of plants subjected to all three pretreatments increased linearly during the NaNO3 treatment. At 48 hr, the K+-pretreated shoots contained a 3-fold greater N03 content than the Na+-or Ca2+-pretreated shoots.
Malate Content. The malate content in shoots of K+-pretreated plants was very high at the end of the pretreatment period (Fig.  7 , time 0), presumably because of the excess K+ uptake over S042-uptake (the pH changes during pretreatment support this conclusion). The distribution of malate between shoot and root parallels the distribution of K+, which suggests that malate acted as a counterion for translocation of K+ from root to shoot. It   FIG. 3 . Effect ofcation pretreatment on Na+ content of NaNO3-treated wheat seedlings. The K+, Na+, and Ca2l labels on the curves refer to the pretreatments (see legend of Fig. 1 Fig. 1 ). The time scale refers to the duration of the 1 mM NaNO3 treatment.
FIG. 6. Effect of cation pretreatment of NO3-accumulation in wheat
seedlings. The K+, Na+, and Ca2" labels on the curves refer to the pretreatments (see legend of Fig. 1 ). The time scale refers to the duration of the I mM NaNO3 treatment.
appears that excess Na+ uptake over S042-uptake during Na2SO4 pretreatment (as reflected in Na+ pretreatment pH changes, Fig.  1 ) resulted in malate accumulation in the roots (Fig. 7, time 0) . Because of the lack of Na+ translocation to the shoots during Na2SO4 pretreatment (Fig. 3, time 0) , the malate content in shoots remained low (Fig. 7, time 0) . Malate content in both roots and shoots of the K2SO4-pretreated plants decreased during the NaNO3 treatment period (Fig. 7) . The decrease in the roots may be due to decarboxylation of malate, in response to the excess of N93-uptake (Fig. 4) over Na+ uptake (Fig. 3) seedlings, but not in the Na+-or Ca2+-pretreated seedlings (Table   I) . Therefore, a mixture of cations provided the charge balance for NO3-translocation in the Na+ and Ca2+ pretreatments. seedlings treated with I mM NaNO3. Malate content was determined enzymically by use of malate dehydrogenase. The K+, Na+, and Ca2l labels on the curves refer to the pretreatments (see legend of Fig. 1 ). The time scale refers to the duration of the I mm NaNO3 treatment. (1, 2, (4) (5) (6) . This malate synthesis has been attributed to a "biochemical pH stat" ( 1) which operates in this case in response to the excess of cations over anions produced by reduction of N03 to NH4' and incorporation into amino acids. This malate production is considered to be one example of the general phenomenon of malate production in response to an intracellular increase in pH. In the nitrate translocation scheme of Ben-Zioni et al. (2) and of Dijkshoorn et aL (5) , an additional feature is the transport of K malate from shoot to root, and the subsequent decarboxylation of the malate as a source of HCO3-for exchange in further N03-uptake. Although changes in malate (or organic acid anions) content of roots and shoots have been found to accompany changes in NO3-supply or detopping of plants (2, 5) reduction, but still dependent on the nitrate anion. However, leaves of maize, a C4 plant, were used in both of these investigations, and it is difficult to differentiate the direct effects of nitrate metabolism on malate levels from the malate levels associated with C4 metabolism. This was one of our considerations for using wheat in this investigation.
We have discussed changes in malate associated with changes in N03-uptake; however, we have observed another change in malate not associated with nitrate (Fig. 7, time 0) . In K2SO4-pretreated plants, malate accumulated to 54 Aeq/10 plants (67 ,ueq/g fresh wt) in the shoots. We propose that this malate was synthesized in the roots in response to the excess cation uptake over anion uptake, and that the malate served as a counterion for translocation of K+ to the shoot. This phenomenon may be similar to translocation of NH4, and malate in the xylem as described by Raven and Smith (11). An implication of the scheme of Ben-Zioni et al. (2) is that NO3-uptake and translocation should occur even in the absence of external K+, but still remain dependent on the recycling of internal KV. Our results show that previously absorbed K+ did enhance NO3-uptake from NaNO3 (Fig. 4) . However, NO3-in xylem exudate was not necessarily balanced by K+ as a counterion, especially in the case of Na+ or Ca2+ pretreatment (Table I) . Our results are consistent with the N03-transport scheme of Ben-Zioni et aL (2) and of Dijkshoorn et al. (5), with the modification that other cations may substitute for K+ as counterions for NO3-.
